Abstract: This study examined the gametogenic cycle of Crassostrea gigas in controlled conditions over one year, with a focus on the initiation of gametogenesis. This work analysed also the role of temperature and photoperiod in the regulation of oyster reproduction. Broodstock were maintained in natural (NC), accelerated (AC) and perpetual winter (WC) conditions of temperature and photoperiod, with feeding ad libitum. Qualitative and quantitative analyses of the reproductive pattern were performed using biometric measurement approach, sex ratio determination, histology and a gonad filling index. Each experimental treatment led to different strategies for growth and resource allocation. The gametogenic cycle, appeared entirely modulated, accelerated or delayed, by coupled temperature/photoperiod parameters. Temperature played a key role in gonial mitosis regulation. Gonia proliferation was set off and sustained by winter temperature (8-11 °C) whatever the physiological state of oysters. Maturation of germ cells appeared to be a function of temperature and could proceed at low temperature, while ripe oysters were obtained at 8 °C in winter conditioning. The three conditioning methods used in this study, allowed the production of gametes throughout the year, including in the autumnal resting period. Moreover, stocks of ripe oysters could be maintained at low temperature during several months to produce spat when desired for aquaculture production.
Introduction
Since its introduction to France in the 1970's (Grizel and Héral, 1991) , the Pacific oyster Crassostrea gigas (Thunberg, 1789) has become the major farmed shellfish species. Juvenile supply for this industry was mainly obtained by spat collection from the natural environment in two sites, Marennes-Oléron and Arcachon basins (Robert and Gérard, 1999) . The variability of spat recruitment from year to year and the recent increase of the market demand led to the development of hatchery spat production (Robert and Gérard, 1999) . One of the key-steps in hatchery procedure is broodstock conditioning. It has been clearly shown that the fecundity in oysters could be controlled by manipulating its environment. Indeed, water temperature influenced gonadal development while food enhanced fertility and gamete quality (Loosanoff and Davis, 1963; Lannan et al., 1980; Muranaka and Lannan, 1984; Utting and Millican, 1997) . Nevertheless different mechanisms of oyster reproduction remained unclear. The recurrent failure of autumn conditioning is a constraint to year-round hatchery production (Wilson, 1981; Le Pennec et al., 1998; Robert and Gérard, 1999) . To overcome this limitation, it is necessary to obtain a wide overview, on an annual basis, of the oyster reproductive cycle and to understand its regulation by environmental parameters.
In nature, the annual reproductive cycle of C. gigas has been widely described (Perdue, 1982; Maurer and Borel, 1986; Dinamani, 1987; Ruiz et al., 1992; Barber, 1996; Steele and Mulcahy, 1999; Berthelin et al., 2000; Lango-Reynoso et al., 2000; Li et al., 2000; Chavez-Villalba et al., 2001; Ren et al., 2003) . A general pattern of oyster reproduction in relation with environmental parameters might be drawn accordingly. In temperate regions, C. gigas exhibited a seasonal reproductive cycle, clearly related to temperature with (1) initiation of gametogenesis usually observed in winter when water temperature was low; (2) active phase of gametogenesis (growing stage) in spring when water temperature increased; (3) maturity and spawning in summer, when temperature was above 19°C (Mann, 1979) ; (4) resorption period in autumn (degenerating stage). Gametogenesis has been also influenced by salinity with negative effects at low values (≤ 30 ppt) (Muranaka and Lannan, 1984) . This general pattern could also be modulated by food availability in the surroundings. In eutrophic environments oysters produced more gametes than in poorer environments (Kang et al., 2000) . The major drawback in field measurements was that the role of each environmental parameter in reproductive processes could not be assessed. Alternatively, studies on the effect of external parameters on C. gigas gametogenesis in controlled environments (i.e. broodstock conditioning) are scarce and only short term (Muranaka and Lannan, 1984 ; See also Robinson, 1992 for C. gigas kumamoto; Chavez-Villalba et al., 2002a; Chavez-Villalba et al., 2002b) . Moreover, these studies focused mainly on the maturation of germ cells and very few on the initiation of the reproductive cycle whereas it has been a crucial step for the following gametogenesis.
We report in this study the influence of natural, accelerated temperature and photoperiod cycles and perpetual winter conditions on gametogenesis of C. gigas, including the initiation of the reproductive cycle, maturation and gamete resorption.
Materials and methods

Biological material
Oysters were hatchery produced in 2001 in the Ifremer hatchery in La Tremblade (France) from 30 wild broodstock collected in the Marennes-Oléron Bay. Spat were then reared at the Ifremer station in Bouin (France). One-year-old oysters were conditioned at the Ifremer shellfish laboratory in Argenton (France) from February 2002 to February 2003, in 600-L raceways with 20 µm-filtered running seawater. Oysters were fed ad libitum with a mixed diet of three micro-algae equal to 8% dry weight algae/dry weight oyster per day and per oyster (33% Chaetoceros calcitrans and Skeletonema costatum, 33% Isochrysis affinis galbana, 33% Tetraselmis chui). During the experimental period, mean salinity was 34.5 ppt while water temperature was controlled every day. Twice a week, raceways were drained, cleaned and dead animals counted and removed. Three experimental conditionings were assayed. In the first one, related to natural conditions (NC), temperature and photoperiod were regulated to follow the mean natural cycles recorded in Marennes-Oléron Bay during the last ten years (Figure 1) (Soletchnik et al., 1998) . In the second one, temperature and photoperiod cycles were accelerated to twice that of the natural cycle (NC) and was referred to as accelerated conditioning ( 
Biometry and condition Indices
Total wet weight, shell length and visceral mass (digestive gland, gonad and labial palps) wet weight were measured as well as the condition index (CI) corresponding to visceral mass wet weight / total wet weight.
Qualitative reproductive analysis
For each sample, adductor muscle, gills and mantle were removed and 3-mm cross section of the visceral mass were excised in front of the pericardic region for histological examination and immediately fixed in Davidson's solution (Shaw and Battle, 1957) at 4°C for 48 h. Sections were dehydrated in ascending ethanol solutions, cleared with xylene and embedded in paraffin wax. Five-µm thick sections were cut, mounted on glass slides, stained with Harry's hematoxylin-Eosin Y (Martoja and Martoja-Pierson, 1967) . Slides were examined under a light microscope to determine the sex and gametogenic stage according to the reproductive scale reported by Steele and Mulcahy (1999) .
Quantitative reproductive analysis
Each slide was scanned with HP Scanjet 6300 C scanner at magnification X400. The gonad area (GA) relative to the whole area of the visceral mass was determined by the image analysis software IMAQ Vision Builder (National Instrument). This analysis, based on specific coloration intensity of different tissues of the histological slides, was performed with the following script: (1) Colour images were transformed to grey level images by means of the "colour extraction" function, (2) the outlines of the histological section were defined by drawing with the "image mask" function, (3) the area of one tissue (gonad, digestive gland or conjunctive tissue) was determined by adjusting the grey level threshold specific for this tissue, (4) the area of the tissue was automatically calculated in pixels (Heffernan and Walker, 1989) .
Statistical analysis
Differences between biometric parameters (total weight, shell length and visceral mass weight), condition indices and percentage of gonad area in three conditionings were tested using the non-parametric Kruskal-Wallis analysis at p<0.05. Chi-square statistics were used to test sex ratios against a 1:1 ratio.
Results
Biometric measurements
Total wet weight, shell length and visceral mass increased all over the year (Figure 2 ). At the end of the experiment (January 2003), mean total weight of oysters from AC was higher (59.5 g ± 19) than that of oysters from NC and WC (47.7 g ± 19 and 37.2 g ± 13, respectively) ( Figure 2A ) with significant differences between WC and AC (Kruskall-Wallis test value=17.22, p<0.05, N=45). The same pattern was observed for shell length measurements with oysters from AC significantly higher (9.5 cm ± 1.6) than those from NC and WC (7.7 cm ± 1.0 and 7.2 cm ± 1.1, respectively) (Kruskall-Wallis test value =18.86, p<0.05, N=45) ( Figure 2B ). In contrast, no significant differences were observed for the mean visceral mass weight between different experimental conditions (4.2 ± 1.9; 4 ±1.4; 4.8 ± 1.8, for NC, AC, WC, respectively) in January 2003 ( Figure 2C ).
In NC, condition index (CI) increased from February to June, decreased after spawning induced in June by adding mature gonad extract in raceways. CI increased again from August to the end of the experiment (Figure 3 ). In AC, CI slightly increased from February to May, decreased after induced spawning in May and increased again from July to the end of the experiment (Figure 3 ). In WC, CI increased regularly all over the year ( Figure  3) . In January 2003, significant differences were recorded for the CI of oysters exposed to the different environmental conditions (Kruskall-Wallis test value =23.66, p<0.05, N=45), with WC oysters exhibiting the highest value (13.2 ± 2.6). 
Sex ratio
Sex ratios (number of female: number of male) changed throughout the year in the three conditions. Nevertheless, when computing all data, sex ratios were 1:1.3 for NC, 1:1 for AC, and 1:1.6 for WC with no significant difference from 1:1 in NC and AC conditions but clearly significant for WC. Three and six hermaphrodites were recorded all over the reproductive cycles in NC and AC, respectively.
The number of undifferentiated animals varied in NC, AC and WC samples. Only one undifferentiated oyster was found in WC, in March. In NC, undifferentiated oysters were found in March (2) and April (1) and in relative abundance (27) from August to January 2003. In AC, undifferentiated oysters were found in March (2) and from July to January 2003 (7).
Gametogenic cycle: quantitative analysis
The development of gonad area (GA) of oysters exposed to different experimental conditions is reported in figure 4 . The initial mean GA value was 6.1%. Under NC, the overall pattern was clearly monomodal with increasing values from March (7.1%) to June (55.3%), then decreasing after spawning until November (9.7%) to remain constant afterwards. Under AC, oyster gonad area increased more rapidly than in NC and followed a clear binomial pattern. In May, a first maximum value was recorded (63.5%) while the lowest gonad area was detected in July (11.7%). In November a second maximum value (53.1%) was noted but Kruskall-Wallis test showed no significant differences between these two peaks (F=2.34, p>0.05, N=30). Under WC, the overall pattern showed a gradual increase in gonad area throughout the experiment with a maximum value of 62% in November. Despite these different patterns, no significant differences were observed between maximum values whatever experimental conditions (Kruskall-Wallis test value=0.72, p>0.05, N=57). 
WC
Gametogenic cycle: qualitative analysis
The oyster germ cell development in NC, AC and WC was analysed by histology. Five characteristic periods of the reproductive cycle (initiation, maturation, ripeness, after spawning, resorption) were reported in plates 1 and 2. In February 2002, oyster gonads consisted of very small follicles filled with stem cells, widely separated by connective conjunctive tissue. Sex of oysters was indistinguishable at this stage (data not shown).
In April, gonad of females from NC and WC (Plates 1A and 1C) were at the same gametogenic stage: tubule walls contained mainly stem cells and oogonia characterised by compact, large nuclei (6 µm) and a narrow rim of finely granular cytoplasm. Conjunctive connective tissue was abundant. A similar pattern was observed for males from NC and WC (Plates 2A and 2C). Tubules contained mainly stem cells, spermatogonia and young smaller spermatocytes. Connective tissue was also abundant. In April, females and males from AC were at a later developmental stage compared to those observed in NC and WC (Plates 1B and 2B). In females, tubules consisted in vitellogenic oocytes, cells 30-45 µm in diameter with distinct nuclei, attached to tubule walls or free in the lumina (Plate 1B). In males, tubules contained different germ cell stages, spermatocytes, spermatids and spermatozoa, decreasing in size from the outer wall to the centre of the tubule. Spermatozoa possessed flagella and were free in the lumina of the tubules (Plate 2B).
In May, oysters from NC were clearly in maturation stage (Plate 1D). Female tubules were filled with attached oocytes and a large number of free oocytes (Plate 1D). Male tubules were filled with spermatozoa, while germinal epithelia always showed spermatids (Plate 2D). In May, oysters from AC were ripe, female tubules were filled with free mature oocytes and male tubules were filled with spermatozoa (Plates 1E and 2E). In contrast, oysters from the WC at the same period were still at early developing stage (Plates 1F and 2F). Female germinal follicles contained some vitellogenic oocytes but most part of cells were oogonia or young oocytes (Plate 1F). In males, first spermatozoa appeared but gonadal tubules mainly consisted in spermatocytes and spermatids (Plate 2F).
In August, oysters from NC were partially or totally spent. In Plate 1G, female was totally spent, only rare oocytes stayed in empty tubules. Connective tissue was disorganised and invaded by blood cells. In Plate 2G, male was partially spent, some spermatozoa remained in discharging tubules. In August, oysters in AC were spent and a new reproductive cycle had been reinitiated (Plates 1H and 2H, Figure 5 ). Plate 2H represented the initiation of the reproductive cycle. Small clusters of stem cells were isolated among conjunctive tissue. In figure 5 , lumina of gonadic tubules of AC oysters were filled with residual spermatozoa while tubule walls consisted in spermatogonia and spermatocytes ( Figure 5A ) or oogonia ( Figure  5B ). In August, oysters from WC were still in maturation stage (Plates 1I and 2I). In females, the follicle size increased and more free oocytes were observed in tubules but oogonia were still observed. Conjunctive tissue remained visible (Plate 1I). In the same way the number of spermatozoa increased in males but spermatocytes and spermatids still remained. Conjunctive tissue was observed between developing tubules (Plate 2I).
In October, oysters from NC were in regression (Plates 1J and 2J). Conjunctive connective tissue was disorganised and processes of cytolysis were observed both in female and male tubules. At this time, oysters from AC were in maturation as described in May for oysters from NC (Plates 1K and 2K) while oysters from WC were ripe (Plates 1L and 2L). Female tubules were filled with mature oocytes and male tubules with spermatozoa but earlier stage germ cells (oogonia and young oocytes or spermatogonia and spermatocytes) still remained (Plates 1L and 2L) .
Lastly, at the end of the experiment (January 2003), oysters from NC were at the initiation phase of the reproductive cycle (Plates 1M and 2M). Oysters from AC were spent, totally or partially (Plates 1N and 2N) and oysters from WC were ripe with early stage germ cells still observed in the tubule walls (Plates 1O and 2O). 
Discussion
Up to now, studies on the reproduction of C. gigas and its regulation by environmental parameters in controlled conditions were restricted in time and mainly focused on studying the maturation phase (Muranaka and Lannan, 1984; Robinson, 1992; Chavez-Villalba et al., 2002b) . Data on complete reproductive cycle of C. gigas were only available in natural environment. These studies were very useful to analyze the environment-dependent strategy of C. gigas, but did not specify the importance of each environmental parameter. This study analyzed the effect of temperature coupled with photoperiod on reproduction during a complete annual cycle in controlled environment. This long-time conditioning constituted a really new approach. The large scale of this experimental plan prevented us from testing independently the effect of temperature and photoperiod. Nevertheless, any effect of photoperiod on C. gigas reproductive process has never been put in evidence.
The biometric measurements, performed throughout the experiment, clearly showed that oysters fed with the same food (in term of quantity and quality) but placed in natural, accelerated or wintering conditions developed different strategies for growth and resource allocation. At the end of the trials, oysters conditioned under accelerated conditions had the highest mean total weight (around 60 g) and shell length (around 9.5 cm) but the lowest condition index. In contrast, oysters conditioned under wintering conditions showed the lowest total weight (around 35 g) and shell length (around 7.2 cm) but the highest condition index. Oysters maintained under natural conditions were in an intermediate position for all parameters. The lack of spawning of oysters in WC presumably explains its high condition index compared to the other conditions whereas its total weight was lower. For oysters in WC, resource allocation would be in favour of gonad growth, as they stayed in running gametogenesis during a large part of the experiment without spawning. At the opposite, oysters from AC, and NC in a lower degree, seemed to be able to invest more in somatic growth compared to oysters in WC, as they had reproductive resting period. Compared to other invertebrates or marine animals, priority rules in bivalves energy allocation between somatic growth, gametogenesis and maintenance remain unclear (Ernande et al., 2004) . In this study, balance between somatic and gonad growth appeared modulated by temperature and switches in resource allocation between both compartments would be driven by spawning events.
The qualitative and quantitative analysis of gametogenic cycle in three environmental conditions demonstrated the high physiological plasticity in C. gigas reproductive process (Ernande et al., 2004) . Oysters maintained in the laboratory under natural conditions (NC) followed the same gametogenic pattern as oysters reared in Marennes-Oléron bay (DeslousPaoli et al., 1981) . In other conditions (accelerated and winter) the gametogenic pattern of oysters appeared entirely modulated by coupled temperature / photoperiod parameters. In winter conditions (WC), the gametogenic cycle was slowed down; gametogenesis proceeded slowly through initiation to maturation stage (October-January). In contrast, under accelerated conditions (AC), oysters performed two complete gametogenic cycles in one year. A maturation phase occurred during both "artificial springs" (March-May and SeptemberNovember) and two spawning periods were subsequently observed.
In natural cycle, resorption or "atresia" of unspawned gametes was observed in autumn. This process was clearly described in C. gigas by Steele and Mulcahy (1999) . It has been generally assumed that resorption occurred after a partial spawning event to "clean" the gonad and prepare it for a new cycle. In the accelerated conditions, the delay between spawning in May (corresponding to natural conditions of August) and the beginning of "artificial autumn" in June-July was very short. Regression of unspwaned gametes has not been completed while proliferation of stem cells began in July (corresponding to November in nature). These two processes (degeneration and re-initiation) occurred at the same time in the gonad where two generations of germ cells could be simultaneously observed ( Figure 5 ). These observations seemed to indicate that gamete resorption is a dispensable step for the reinitiating of a new reproductive cycle.
The kinetic and regulation of gonial mitosis at the initiation of the reproductive cycle remained unknown for a long time in C. gigas. The proliferation of gonia was previously described in natural conditions using a molecular marker specific of oyster germ cells, the oyster vasa-like gene (Fabioux et al., 2004) . It was shown that the multiplication of gonia occurred from November to March. In the present study, gonial mitosis appeared to be clearly regulated by temperature. Gonia proliferation was triggered on by low temperatures, between 8 °C and 11°C, whatever physiological state of oysters, while this process occurred both during decreasing and increasing photoperiod phase. Gonia proliferation occurred in AC while unspawned gametes have not been yet resorbed ( Figure 5 ) and continued as long as temperature remained low. Gonia were observed throughout the year, including in ripe oysters, in WC. Moreover, gametogenesis initiation was demonstrated to begin under 10 °C unlike data given in previous studies (Mann, 1979) . Further studies, using the oyster vasa-like gene as a marker to quantify the proliferation of gonia in NC, AC and WC, would be of great interest to assess the role of environmental parameters in the regulation of the number of gonial mitosis.
Ripe oysters were obtained after 4 months, 3 months and 8 months in natural, accelerated and wintering conditions, respectively. These results showed that the maturation of oyster germ cells is a function of temperature as suggested by Muranaka and Lannan (1984) . This relation is in agreement with the "day-degrees" notion proposed by Mann (Mann, 1979) except that minimal temperature for oyster gametogenesis would be lower than 10 °C. However, there is not maturation threshold temperature as supposed by Ruiz et al. (1992) . We obtained ripe oysters at 8-10 °C in wintering conditioning while Ruiz et al. (1992) indicated that a threshold of 16 °C was required to enhance germ cells maturation.
Autumn has been often described as a critical period for bivalve conditioning (Wilson, 1981; Le Pennec et al., 1998; Robert and Gérard, 1999) . Chavez-Villalba et al. (2002a) succeeded in producing C. gigas mature oocytes in autumn with oysters kept in winter conditions during three months and then conditioned at 19°C for seven weeks. In this study, we showed that C. gigas oysters placed in accelerated conditions produced mature oocytes and spawned twice a year included in autumn. After first spawning event, oysters conditioned under accelerated cycle of temperature realized storage accumulation and germ cell stock reconstitution, two essential steps for reproduction. Inversely, in conditionings under high constant temperature, oysters sampled in nature after spawning could not reconstitute their stock of germ cells, which prevent animals from doing gametogenesis. In this study, the autumn spawning event was less intensive than the summer spawning. This decrease in the intensity of gamete emission was usually observed in nature in case of autumn spawning following to one or both summer spawning events.
A significant increase of males was recorded in wintering conditions. The Pacific oyster is a protandric hermaphrodite species, but few data are available on sex determination in C. gigas (Guo et al., 1998) . Sex determination in oyster is genetically controlled and influenced by environmental factors, despite scarce information on that latter. Males are supposed to predominate when the environment is less favorable (Steele and Mulcahy, 1999) . Conversely, females would be preferentially found in a rich environment. Nevertheless, this theory has not been clearly demonstrated (Baghurst and Mitchell, 2002) . In our study, the food level could not explain the excess of male in WC since populations were fed with the same food in quantity and quality. Conversely, temperature could be one of the main factors controlling sex determination and constant low water temperature in WC could explain in a large part the excess of males.
In conclusion, we demonstrated in this study that, in condition of optimal food level, temperature and/or photoperiod drive reproductive internal-clock of C. gigas, in particular for the regulation of gonial proliferation and germ cell maturation, both essential steps in oyster reproduction. The modification of these environmental parameters led to complete modification of the timing of C. gigas gametogenesis.
Using the three methods described in this study (NC, AC and WC), ripe oysters could be obtained throughout the year. The wintering conditions developed in this study could be a new method to maintain a stock of ripe gametes for several months since they stayed in a ripe state for at least 5 months (from October to the end of the experiment) without any sign of gamete resorption. Moreover, the fertility of these gametes was confirmed by experimental crosses using stripped gametes of WC oysters. For hatchery applications, studies on growth, survival rates and metamorphosis of larvae issued from broodstock conditioned in natural, accelerated and wintering conditions would allow the validation of these methods to produce spat throughout the year.
